Two proteins exhibiting ␣-L-rhamnosidase activity, RhaA and RhaB, were identified upon fractionation and purification of a culture filtrate from Aspergillus aculeatus grown on hesperidin. Both proteins were shown to be N glycosylated and had molecular masses of 92 and 85 kDa, of which approximately 24 and 15%, respectively, were contributed by carbohydrate. RhaA and RhaB, optimally active at pH 4.5 to 5, showed K m and V max values of 2.8 mM and 24 U/mg (RhaA) and 0.30 mM and 14 U/mg (RhaB) when tested for p-nitrophenyl-␣-L-rhamnopyranoside. Both enzymes were able to hydrolyze ␣-1,2 and ␣-1,6 linkages to ␤-D-glucosides. Using polyclonal antibodies, the corresponding cDNA of both ␣-L-rhamnosidases, rhaA and rhaB, was cloned. On the basis of the amino acid sequences derived from the cDNA clones, both proteins are highly homologous (60% identity).
Microorganisms secreting glycosidases are widespread throughout nature and play an important role in hydrolyzing and catabolizing polysaccharides. In this context, filamentous fungi, such as aspergilli and trichoderma species, have been studied in great detail. The filamentous fungi of the genus Aspergillus are important to the food industry due to their ability to produce metabolites, such as organic acids and extracellular glycosidases (1, 2) . Particularly important are representatives of the black aspergilli, such as Aspergillus niger, products of which hold the Generally Recognized as Safe status. A. niger is an eminent source for the production of glycosidase activities. Black aspergilli are able to produce a wide variety of enzyme activities in relatively large amounts. For example, the enzyme systems involved in the degradation of xylan and pectin are very well studied (6, 21, 27, 28) .
Many microorganisms have been studied for their potential to produce glycosidases. However, little is known about microorganisms that produce ␣-L-rhamnosidase activity. Most studies have been done using ␣-L-rhamnosidases from bacterial origin, e.g., those produced by Sphingomonas sp. (11) , Bacteroides (13) , Pseudomonas paucimobilis (18) , and Clostridium stercorarium (31) .
␣-L-Rhamnosidases (EC 3.2.1.40) have several potential applications. They have been used for elucidating the structure of biologically important glycosides, polysaccharides, and glycolipids (14, 15) . Also, ␣-L-rhamnosidases were used for the hydrolysis of rhamnosyl residues present in flavonoid glycosides, such as naringin, hesperidin, rutin, and quercitrin. The structures of these compounds are shown in Fig. 1 . For instance, the hydrolysis of rutin and quercitrin, the most common flavonoid glycosides in the human diet, by bacterial ␣-L-rhamnosidases has been reported (3) . There are also several technological applications of ␣-L-rhamnosidases, such as the industrial removal of bitterness from citrus juices caused by naringin (for a review, see reference 22) and the hydrolysis of hesperidin by ␣-L-rhamnosidases to release L-rhamnose and hesperetin glucoside, which is an important precursor in sweetener production (5) . In addition, there is an industrial interest in ␣-L-rhamnosidases for their action towards terpenyl glycosides in the application of enhancing aroma in grape juices and derived beverages (4, 10, 29) . Cloning of ␣-L-rhamnosidase genes and the production of pure enzyme preparations would allow testing their application in structural studies and biotechnological processes. However, so far only one gene encoding an ␣-L-rhamnosidase has been cloned; this gene originates from the bacterium C. stercorarium (31) .
␣-L-Rhamnosidase of fungal origin has been purified from commercial enzyme preparations of Penicillium (30) and Aspergillus species (17, 19) . Recently, ␣-L-rhamnosidases of Aspergillus terreus (8, 9) and Aspergillus nidulans (20) have been produced and were shown to be of potential oenological interest. Aspergillus aculeatus is a good producer of pectin-degrading enzymes, such as rhamnogalacturonan hydrolase (24) and rhamnogalacturonan acetylesterase (25) . The purification of an ␣-L-rhamnosidase from an A. aculeatus pectinolytic enzyme preparation has been described (19) . We used A. aculeatus as a source for the production of ␣-L-rhamnosidase activity, and here we report the biochemical characterization of two different enzymes showing ␣-L-rhamnosidase activity. Using polyclonal antibodies, we cloned the corresponding cDNA of both ␣-L-rhamnosidases from a hesperidin-induced cDNA library. 4 Cl/liter. This medium was supplemented with 1 ml of Vishniac solution (26) and with 5 g of yeast extract/liter and 1 g of Casamino Acids/liter and contained hesperidin as the carbon source (5 g/liter). The liquid medium was adjusted to pH 6, inoculated with 10 6 spores ml
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. p-Nitrophenyl-␣-L-rhamnopyranoside (pNPR), 4-methylumbelliferyl-␣-L-rhamnoside (MUR),
Ϫ1
, and incubated at 30°C in an orbital shaker at 250 rpm for 6 days.
Enzyme activity assays. ␣-L-Rhamnosidase activity was determined using pNPR as the substrate as described previously (17) . One unit of enzyme activity was defined as the amount of enzyme that releases 1 mol of p-nitrophenol per min at 30°C in 50 mM McIlvaine buffer (citrate-phosphate buffer), pH 4.5.
Enzyme purification. All purification steps were performed at 4°C, unless stated otherwise. The fractions collected were screened for protein content (A 280 ) and ␣-L-rhamnosidase activity.
A culture filtrate (1.7 liters) of A. aculeatus grown on hesperidin for 6 days was adjusted to pH 3.5 with 0.1 M HCl and then diluted by the addition of 5 volumes of distilled water. The secreted proteins were adsorbed batchwise onto CM Sephadex C-50 (2 g [dry wt] equilibrated in 20 mM sodium citrate buffer, pH 3.5). After 2 h of stirring, the resin was transferred to a glass column and the adsorbed proteins were pulse eluted with 10 mM sodium citrate buffer (pH 3.5) containing 1 M NaCl. Fractions containing ␣-L-rhamnosidase activity were pooled and dialyzed against 10 mM sodium citrate buffer (pH 3.5). The dialyzed enzyme solution was applied to an S-Sepharose Fast Flow column (2.5 by 25 cm), which was preequilibrated with 10 mM sodium citrate buffer, pH 3.5. The column was washed extensively with the same buffer, and proteins were eluted with a linear NaCl gradient of 0 to 1 M in the same buffer (total volume, 750 ml). The ␣-L-rhamnosidase activity eluted in two peaks, pool A (fractions 20 to 22, 0.20 to 0.27 M NaCl; fraction volume, 10 ml) and pool B (fractions 27 to 31, 0.30 to 0.37 M NaCl; fraction volume, 10 ml). Pools A and B were dialyzed overnight against 10 mM sodium citrate buffer, pH 3.5, and were loaded separately onto a Mono S HR 5/5 column preequilibrated with 10 mM sodium citrate buffer, pH 3.5. The column was extensively washed with this buffer and eluted with a linear gradient of 0 to 0.5 M NaCl in the same buffer (total volume, 60 ml). From pool A, one single peak containing ␣-L-rhamnosidase activity was obtained (fractions 4 and 5, 0.12 to 0.15 M NaCl; 2-ml fractions). The pooled fractions were dialyzed against 20 mM piperazine/HCl buffer, pH 6, and were used as the purified enzyme preparation RhaA throughout this study. From pool B a single peak containing ␣-L-rhamnosidase activity was eluted. Active fractions (fractions 7 and 8, 0.18 to 0.22 M NaCl; 2-ml fractions) were pooled and dialyzed overnight against 20 mM piperazine buffer, pH 6. The pooled fractions originating from pool B were further purified by gel filtration on a Superose 12 column (1.5 by 50 cm) preequilibrated with 20 mM piperazine/HCl buffer (pH 6)-100 mM NaCl. Elution was made with the same buffer (total volume, 120 ml), and one single peak containing ␣-L-rhamnosidase activity was eluted (fractions 25 to 31; 2-ml fractions). The pooled fractions were desalted and used as the purified enzyme preparation RhaB throughout this study.
Preparation of antibodies. Antibodies against RhaA and RhaB were raised in mice as previously was described (7). The antibodies were tested for crossreactivity for RhaA and RhaB. By spotting different concentrations of the native protein directly onto a membrane, the specificity of the antisera was tested. Using the anti-RhaA serum, approximately 1 ng of RhaA could be detected, while 900 ng of RhaB was needed to give a reaction. Using the anti-RhaB serum, approximately 3 ng of RhaB could be detected; 700 ng of RhaA gave a reaction with the anti-RhaB serum. From this both sera were considered to be specific for RhaA and RhaB in cDNA screening.
Analytical methods. Protein concentrations were measured using the commercial bicinchoninic acid protein assay reagent using bovine serum albumin as standard. The purification of the ␣-L-rhamnosidases was monitored by SDS-PAGE (16) , and the proteins separated were stained with Coomassie brilliant blue R-250. For the calculation of the protein molecular masses, an SDS-10% polyacrylamide gel was used and calibrated with protein test mixture 4. Deglycosylation of the enzymes with N-glycanase F was performed according to the supplier's instructions. The enzymes were O deglycosylated by incubation in 0.1 M NaOH for 30 min at room temperature. The pI was determined by isoelectric focusing at 4°C in the pH range of 3.5 to 9.5 using a broad-range pI calibration kit, and the proteins were stained with Coomassie brilliant blue G-250. Detection of ␣-L-rhamnosidase activity after isoelectric focusing using MUR as the substrate was performed as described previously (17) . N-terminal amino acid sequences were analyzed by Eurosequence (Groningen, The Netherlands) using a gas-phase sequencer (model 477; Applied Biosystems, Foster City, Calif.) equipped with a phenylthiohydantoin analyzer.
Enzyme characterization. The optimum pH for the two ␣-L-rhamnosidase activities was determined by incubating the enzyme preparation with pNPR in McIlvaine buffers in the pH range of 3 to 8. The pH stability was assessed by preincubating the enzymes in McIlvaine buffers over a pH range of 3 to 5 at 30°C and measuring activities at 22 h using the standard protocol. Thermal stability was measured by preincubation of the enzymes at the optimum pH at different temperatures (30, 40, 55, 65 , and 75°C) and following the activity over time. Kinetic experiments were performed at 30°C at the optimal pH. The MichaelisMenten constants were determined by nonlinear regression using pNPR at concentrations ranging from 0.083 to 6.66 mM. Inhibition studies were performed using L-rhamnose at concentrations ranging from 0 to 16 mM. Substrate specificity studies of the ␣-L-rhamnosidase activities towards the rhamnoglucosides hesperidin, naringin, quercitrin, and rutin were carried out by highperformance anionic exchange chromatography as described previously (17) . The rhamnoglucosides were dissolved at 0.25% (mass/vol) concentration (corresponding to hesperidin and rutin at 4.1 mM, naringin at 4.3 mM, and quercitrin at 5.6 mM) in 50 mM sodium acetate buffer (pH 4.5) and incubated with purified enzymes, at a final concentration in the incubation mixture of 1.1 g/ml (RhaA) and 1.5 g/ml (RhaB), for 14 h at 30°C.
Construction of a hesperidin-induced cDNA library and isolation of cDNA clones corresponding to the rhaA and rhaB genes. A. aculeatus NW240 was cultivated for 24, 48, 72, 96, and 120 h on minimal medium containing 0.5% hesperidin, after which the mycelium was harvested by filtration and washed with sterile saline. The mycelium was subsequently frozen in liquid nitrogen, after which it was powdered using a Microdismembrator (Braun). Total RNA was isolated from the mycelial powder using TriZol (Life Technologies) in accordance with the manufacturer's instructions. Poly(A) ϩ mRNA was isolated from 2 mg of total RNA by oligo(dT)-cellulose chromatography (23) with the following modification: cDNA was synthesized from 5 g of poly(A) ϩ mRNA and was ligated into bacteriophage lambda Uni-ZAP XR by using the ZAP-cDNA synthesis kit (Stratagene) according to the manufacturer's instructions.
To screen the A. aculeatus NW240 cDNA library for the expression of ␣-Lrhamnosidase, 10 4 PFU per plate was plated in NZYCM top agarose containing 0.7% agarose on 85-mm-diameter NZYCM (1.5% agar) plates as described (23), using Escherichia coli BB4 (Stratagene) as the plating bacteria. Phages expressing the ␣-L-rhamnosidase A or B protein were identified by probing the filters with anti ␣-L-rhamnosidase A or B antiserum and by subsequent detection using an alkaline phosphatase conjugate, according to the procedure described previously (7) . After restriction analysis the nucleotide sequence of both cDNA inserts was determined using the Thermosequenase cycle sequencing kit and an ALFexpress sequencer (Amersham-Phamacia Biotech), resulting in the rhaA and rhaB cDNA sequences. 
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Nucleotide sequence accession number. The rhaA and rhaB cDNA sequences have been deposited in the GenBank and EMBL sequence databases under accession no. AF284761 and AF284762, respectively.
RESULTS
Purification of ␣-L-rhamnosidase activity from A. aculeatus.
Two proteins, RhaA and RhaB, showing ␣-L-rhamnosidase activity were purified to apparent homogeneity from a culture filtrate of A. aculeatus grown on hesperidin, by using cation exchange and gel filtration chromatography. A summary of the purification procedure is presented in Table 1 . SDS-PAGE of both RhaA and RhaB revealed two single-protein bands having apparent molecular masses of 92 and 85 kDa, respectively.
General properties of RhaA and RhaB. After N deglycosylation, the molecular masses of both proteins decreased by about 24 and 15%, respectively, resulting in molecular masses of 70 kDa (RhaA) and 72 kDa (RhaB). Alkali treatment had no influence on the molecular masses (results not shown), which indicates that both enzymes are solely N glycosylated. RhaA has a neutral pI of approximately 6.2, whereas RhaB showed microheterogeneity upon isoelectric focusing. Several protein bands could be seen in the pH range of 5.2 to 5.9, all having ␣-L-rhamnosidase activity towards 4-methylumbelliferyl-␣-L-rhamnoside (results not shown). While the isoelectric focusing results suggested an elution order from the SSepharose Fast Flow and Mono S of RhaB (pI 5.2 to 5.9) followed by RhaA (pI 6.2), the enzymes actually eluted in reverse order, which may be due to an uneven distribution of the surface charge of these enzymes.
The optimal pH of the purified RhaA and RhaB was found to be 4.5 to 5 in McIlvaine buffer. RhaA and RhaB showed more than 85% of their maximum activity in the pH ranges of 4 to 5.5 and 3 to 5.5, respectively. Both ␣-L-rhamnosidase activities were stable in the pH range from 3 to 5. After 20 h of incubation at 30°C, the enzymes retained 80% (RhaA) and 90% (RhaB) of their initial activities over the same pH range. The thermostability of the enzymes was measured at 30, 40, 55, 65, and 75°C. RhaA was stable for 4 h at 40°C, whereas after 4 h at 55 and 65°C, the enzyme retained 87 and 60% of its original activity, respectively. RhaB was stable for 4 h at 40°C, whereas after 4 h at 55, 65, and 75°C the enzyme retained 75, 55, and 50% of its original activity, respectively.
In order to establish whether the two purified proteins are encoded by different genes or by a single gene, part of each of their primary structure was determined. The N-terminal amino acid sequences, comprising 17 amino acid residues, were determined to be VPFEDYILAPQSRTLNF for RhaA and ARVPYREYILAPSSRVI for RhaB. The amino acid sequences showed the two ␣-L-rhamnosidase forms to be different proteins.
Catalytic properties. The kinetic behavior of RhaA and RhaB was studied on pNPR. The Michaelis constant (K m ) was 2.8 and 0.30 mM for RhaA and RhaB, respectively. The V max values were found to be 24 U/mg (RhaA) and 14 U/mg (RhaB). The specificity constants (V max /K m ) for the hydrolysis of pNPR were calculated as 8.6 (RhaA) and 47 (RhaB).
The inhibition of both enzymes by L-rhamnose was studied using pNPR as a substrate. L-Rhamnose acted as a competitive inhibitor of pNPR hydrolysis with inhibitor constants (K i ) of 4.2 and 1.5 mM for RhaA and RhaB, respectively.
Flavonoids from plant origin, such as hesperidin, naringin, quercitrin, and rutin ( Fig. 1) , could be natural substrates for ␣-L-rhamnosidases. From Table 2 , it can be seen that RhaA and RhaB were able to release L-rhamnose from hesperidin, naringin, and rutin. Both enzymes were active towards naringin, in which the L-rhamnose residue is ␣-1,2 linked to the ␤-D-glucoside, and towards hesperidin and rutin, with ␣-1,6 linkages to the ␤-D-glucosides. The enzymes were not able to release L-rhamnose from quercitrin, in which the rhamnosyl residue is linked directly to the aglycon.
Isolation and analysis of rhaA and rhaB cDNA clones. A hesperidin-induced cDNA library was screened using antibodies raised against RhaA and RhaB and resulted in the isolation of three positive RhaA phages and six positive RhaB phages. The cDNA inserts were sequenced, and their identity was confirmed by comparison with the N-terminal amino acid sequences obtained from the purified proteins (Fig. 2) . The cDNA insert corresponding to rhaA is 2,361 bp long and encodes a protein of 660 amino acids. The N-terminal amino acid sequence determined from RhaA is found at position 20, the preceding leader being the signal sequence. On the basis of the cDNA sequence, the mature RhaA protein would be expected to have a derived molecular mass of 69 kDa and a theoretical pI of 5.9. The cDNA insert corresponding to rhaB is smaller in size (2,057 bp) and encodes a protein of 597 amino acids. The determined N-terminal amino acid sequence is found at position 17, and cDNA translation results in a derived molecular mass of 62 kDa and a theoretical pI of 6.0. b Percent rhamnose released from total in 14 h at 30°C. Final protein concentrations, 1.1 g/ml (RhaA) and 1.5 g/ml (RhaB). ND, not determined.
DISCUSSION
Although ␣-L-rhamnosidases have several potential biotechnological applications, only a limited number of microbial enzymes have been characterized and only a single gene encoding a bacterial ␣-L-rhamnosidase has been cloned (31) .
A. aculeatus, when grown on hesperidin, produces two proteins (RhaA and RhaB) with ␣-L-rhamnosidase activity, which are N-glycosylated enzymes, as can be concluded from the reduction in apparent molecular mass to 70 kDa (RhaA) and 72 kDa (RhaB) after N-glycanase treatment and the change from a diffuse (glycosylated) band to a sharp (deglycosylated) band upon SDS-PAGE. Molecular masses similar to those found for RhaA and RhaB have been described for different fungal ␣-L-rhamnosidases. However, the pIs found for RhaA (6.2) and RhaB (5.2 to 5.85) are slightly higher than those reported for ␣-L-rhamnosidases of A. niger (85 kDa), 4.5 to 5.2 (17); A. terreus (96 kDa), 4.6 (8); and A. aculeatus (87 kDa), 4.8 (19) . The acidic optimal pH found for RhaA and RhaB and the stability at acidic pH values make these enzymes suitable for use in processes operating at low pH values, such as winemaking and citrus juice processing. These are in contrast to bacterial ␣-L-rhamnosidases, for which neutral and alkaline pH optima have been found (11, 13, 18, 31) .
RhaA and RhaB from A. aculeatus are able to hydrolyze pNPR and release L-rhamnose from naringin, hesperidin, and rutin. pNPR is used as a model substrate for rhamnohydrolase activity. Naringin is the main bitter flavanone glycoside of grapefruit juices. Hesperidin is the predominant nonbitter flavanone glycoside in lemons and sweet oranges, and rutin is a flavone glycoside found in many plants. Although able to hydrolyze the four substrates, both ␣-L-rhamnosidases showed a clear preference for the aryl-rhamnoside pNPR, in which the L-rhamnose residue is directly linked to the aglycon. However, quercitrin, a flavone rhamnoside (Fig. 1) in which the rhamnosyl residue is as well linked directly to the aglycon, was not hydrolyzed, which may be explained by the differences in the aglycon structure. The L-rhamnose residue is ␣-1,2 linked to a ␤-glucosidic residue in naringin and ␣-1,6 linked in hesperidin and rutin (Fig. 1) , and from the data collected, both enzymes seemed specific for both kinds of linkages to ␤-D-glucose. The reason why hesperidin and rutin, which both have an ␣-1,6 linkage, are hydrolyzed so differently may be explained by steric hindrance due to the attachment of the diglycoside to the aglycon molecule via C 7 in hesperidin, whereas the attachment is via C 3 in rutin. From these results and those obtained from bacterial ␣-L-rhamnosidases (31), it seems that the preferred and potentially natural substrate for these glycosidases is still unknown. Similar substrate specificity was described for fungal (17) and bacterial (11, 13) ␣-L-rhamnosidases.
RhaA and RhaB are encoded by different genes. On the basis of the amino acid sequences derived from the rhaA and rhaB cDNA clones, RhaA and RhaB have N-terminal amino acid extensions compared to the determined amino acid sequences. These N-terminal extensions represent the signal sequences. The signal peptidase cleavage site of RhaB is, however, likelier to be located between residues 17 and 18 than between residues 18 and 19 (12) . The determined N-terminal amino acid, therefore, might result from limited proteolysis. Both proteins are highly homologous, 60% of the amino acid sequence being identical. However, there is a marked difference in the central part of both proteins. The amino acid residues 348 to 444 in RhaA are lacking in RhaB and account for most of the difference in the molecular mass of both proteins. However, both proteins have a low degree of identity with the C. stercorarium ␣-L-rhamnosidase (31); only 11% of the sequence is identical. Despite this low overall identity with this rhamnosidase of prokaryotic origin, there is a significant conservation of certain residues at specific positions (Fig. 2) . 
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